The TLR7 and TLR9 signalings are implicated in the regulation of the immune system through type-I interferon induction. Preclinical studies have demonstrated the immunomodulatory and antitumor effects of TLR7 and TLR9 agonists in combination with cetuximab. We tested the hypothesis that genetic variations in TLR7 and TLR9 and their downstream molecules IRF5 and IRF7 were associated with outcomes in metastatic colorectal cancer (mCRC) patients receiving cetuximab-based chemotherapy. Six single nucleotide polymorphisms (SNPs) in TLR7, TLR9, IRF5 and IRF7 were tested for the association with RR, PFS, and OS in KRAS-wild type mCRC patients. Patients treated with FOLFIRI 1 cetuximab or FOLFIRI 1 bevacizumab in the FIRE-3 trial served as a discovery set (FIRE3-Cet, n 5 244) or a control set (FIRE3-Bev, n 5 246), respectively. Patients treated with FOLFOX or SOX 1 cetuximab in the JACCRO-CC05/06 trial served as a validation set (JACCRO, n 5 76). Genomic DNA isolated from tumor tissue samples was analyzed by PCR-based direct sequencing. In the discovery cohort, patients with the TLR7 rs3853839 G/G variant showed a trend toward longer PFS than those with any C variants (median 10.0 vs. 11.8 months, HR 1.39, p 5 0.092). This preliminary association was confirmed in the validation cohort, and those with the G/G genotype showed a PFS benefit compared with others (univariate: 9.1 vs. 11.6 months, HR 2.04, p 5 0.005, multivariate: HR 2.02, 95% CI: 1.14-3.55, p 5 0.015). This association was not observed in the control cohort. Our findings suggest that TLR7 rs3853839 predicts the outcome of cetuximab-based chemotherapy in mCRC patients.
Introduction
Immune responses and inflammatory changes within the tumor microenvironment are widely known to play critical roles in carcinogenesis and cancer progression. 1, 2 Recent studies have also shown that these biological responses influence the efficacies of anticancer therapies. [3] [4] [5] Toll like receptors (TLRs) are primary innate immune sensors that recognize conserved microbial structures and host alarmins. Among the TLR family, TLR7 and TLR9 are endosomally localized and limitedly expressed on certain types of immune cells. 6 It is thought that the major functional role of TLR7 and TLR9 signals is to induce type-I interferon (IFN) secretion, including IFN-a and IFN-b, by activating the downstream MyD88/IRAK/IRF pathway (Supporting Information Fig. S1 ). 7 Therefore, activation of TLR7
and TLR9 can lead to stronger immune responses through the production of type-I IFN and can exert not only antiviral effects but also antitumor activities. Indeed, several studies have shown promising results that TLR7 and TLR9 agonists enhance the anti-tumor activity in combination with cytotoxic agents and target antibodies, including cetuximab, an anti-EGFR monoclonal antibody. For example, the TLR9 agonist IMO (immunomodulatory oligonucleotide) has been demonstrated to increase the antitumor effects in combination with cetuximab compared with IMO or cetuximab monotherapies in a colon cancer xenograft model. 8 TLR7 agonist R-848 has also been shown to enhance the antitumor effects via antibody-dependent cellular cytotoxicity (ADCC) in cetuximab-coated colorectal cancer (CRC) cell lines. 9 These preclinical data suggest that the TLR7 and TLR9 signals contribute to the cetuximab efficacy. Single nucleotide polymorphisms (SNPs) are germline genetic variations, some of which may alter the gene function of both immune and cancer cells. We herein tested the hypothesis that SNPs of TLR7 and TLR9 and those of their downstream molecules IRF5 and IRF7 will be associated with the clinical efficacy of cetuximab-based chemotherapy in metastatic CRC (mCRC) patients.
Methods

Patients and samples
Tissue samples examined in this study were obtained from mCRC patients who were enrolled in a prospective randomized phase III clinical trial ] and phase II clinical trials [JACCRO-CC05 11 and JACCRO-CC06 12 ]. The FIRE-3 trial comprised a total of 592 patients with KRAS exon 2 wild-type tumors, from centers in Germany and Austria, who were randomly assigned to receive either FOLFIR-I 1 cetuximab (n 5 297) or FOLFIRI 1 bevacizumab (n 5 295) as first-line chemotherapy. In the JACCRO-CC05 and JACCRO-CC06 trials, a total of 76 patients with KRAS exon 2 wild-type mCRC were enrolled at centers in Japan to receive first-line FOLFOX or SOX plus cetuximab. To evaluate the association of target SNPs with clinical outcome for cetuximab, we used samples from the cetuximab arm of FIRE-3 as a discovery set (FIRE3-Cet, n 5 244), those from the bevacizumab arm of FIRE-3 as a control set (FIRE3-Bev, n 5 246), and those from the JACCRO-CC05 and JACCRO-CC06 trials as a validation set (JACCRO cohort, n 5 76). Patients with KRAS-mutant type tumors or those without available samples were excluded from the study population. All patients signed an informed consent form before participating in the randomized trials, which included information regarding the use of their tumor tissue to explore relevant molecular parameters.
Selected polymorphisms and genotyping
Candidate SNPs in TLR7, TLR9, IRF5 and IRF7 with a minor allele frequency of 5% in both European and Japanese populations according to the Ensembl database 13 were selected for analyses. Among the candidate SNPs, we focused on six SNPs ( Table 1 ) that previously had their biological significance reported in literature reviews or were considered potentially functional according to the F-SNP database.
14 Genomic DNA was extracted from formalin-fixed paraffinembedded specimens using the QIAamp DNAeasy Kit (Qiagen, Valencia, CA). The primers used for polymerase chain reaction (PCR) analyses are listed in Supporting Information Table S1 . DNA sequences were analyzed using the ABI Sequencing Scanner version 1.0 (Applied Biosystems). Investigators involved in SNP analyses were blinded to patients' clinical data.
mRNA expression assay RNA was isolated from both normal epithelium and tumor tissue of patients enrolled in the JACCRO-CC05 and JACCRO-CC06 trials using histologic macrodissection techniques. cDNAs were synthesized using the miScript II RT Kit (Qiagen) and amplified by PCR using a fluorescence-based real-time detection method with the ABI Prism 7500 Real-
What's new?
For patients with colorectal cancer, a particular genetic variant of TLR7 could mean the difference between life and death. Preclinical data have shown that TLR7 enhances the tumor-killing ability of cetuximab; these authors tested six genetic variants of TLR7 and downstream molecules to find which ones affected survival of metastatic colorectal cancer. They found that patients who carried a G/G variant at one locus survived longer when treated with cetuximab than patients with any C variant. This marker could be useful in predicting which patients would benefit most from cetuximab.
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Statistical analysis
To explore the predictive value of SNPs for cetuximab-based chemotherapy, the primary outcome measure was defined as progression-free survival (PFS), which was calculated from the date of randomization until the first observation of disease progression or death. If progression or death was not observed, PFS was assessed on the day of the last computed tomography scan. We also evaluated the association with response rate (RR) and overall survival (OS), which are defined as the percentage of patients experiencing complete responses or partial responses according to the response evaluation criteria in solid tumors (RECIST) and the period from randomization to the date of death or censored on the date of last contact if alive, respectively. The differences in baseline patient characteristics between the three cohorts were examined using v 2 test or the Kruskal-Wallis test when appropriate. Allelic distribution of polymorphisms by ethnicity was tested for deviation from the Hardy-Weinberg equilibrium (HWE) using the exact test. Linkage disequilibrium among selected SNPs was assessed using D' and r 2 values, and the haplotype frequencies were inferred using Haploview version 4.2. The power to detect an association between a SNP and PFS would be 80% when the minimum hazard ratio (HR) varied from 1.48 to 1.66 using a two-sided log-rank test at 0.05 significance level in the training cohort (n 5 244, 206 PFS events). We assumed that the minor allele frequency ranged from 0.1 to 0.4, and the dominant model was considered. The HRs would be from 2.13 to 2.62 using the same test with 80% power with the same allele frequencies under the dominant model in the validation cohort (n 5 76, 59 PFS events). The associations between polymorphisms and PFS and OS were investigated using Kaplan-Meier curves and log-rank test. A Cox proportional hazards regression model adjusted for baseline patient and disease characteristics and previous treatment fitted to evaluate the independent effects of SNPs on PFS and OS. The baseline demographic and clinical characteristics that remained significantly associated with endpoints in the multivariate analysis (p < 0.1) were included in the final model. For mRNA expression, RQ values were compared between groups using nonparametric tests. All analyses were performed with two-sided tests at a significance level of 0.05 by using the SAS 9.4 (SAS Institute, Cary, NC).
Results
The baseline characteristics of the three cohorts included in this study are given in Table 2 . Compared with the FIRE3-Cet discovery cohort, the JACCRO validation cohort comprised better performance status, more patients with liver metastases, and fewer patients receiving adjuvant chemotherapy. There were no differences in characteristics between the discovery and control cohorts. The median PFS, OS, and follow-up periods were 9.9, 30.0 and 34.1 months, respectively in the FIRE3-Cet; 10.3, 24.7 and 39.9 months in the FIRE3-Bev; and 10.0, 33.9 and 24.7 months in the JACCRO cohort. Genotyping was successful in at least 90% of cases in each polymorphism analyzed. The allelic frequencies for all SNPs were within the probability limits of HWE (p > 0.05). High linkage disequilibrium was not found. Table 3 and Figure 1 show the association between TLR7 rs3853839 and clinical outcome. In the FIRE3-Cet discovery cohort, patients with the TLR7 rs3853839 G/G variant showed a borderline significant trend toward longer PFS [10.0 vs. 11.8 months, HR: 1.38, 95% confidence interval (CI): 0.94-2.04, p 5 0.092] and OS (27.6 vs. 36.4 months, HR: 1.05, 95% CI: 0.70-1.58, p 5 0.095) than those with any C variants. This preliminary association with PFS was confirmed in the JACCRO validation cohort, and patients with the G/G genotype showed a PFS benefit compared with those carrying any C variants, both in univariate and multivariate analyses (Univariate model, median 9.1 vs. 11.6 months, HR: 2.04, 95% CI: 1.18-3.55, p 5 0.006, multivariate model, HR: 2.02, 95% CI: 1.14-3.55, p 5 0.015). In the FIRE3-Bev control cohort, this correlation of TLR7 rs3853839 with PFS was not observed. TLR9 rs187084 showed a significant association with PFS (13.3 vs. 9.6 month, p 5 0.021) in univariate analysis, which remained marginally significant (p 5 0.093) in multivariate analysis. However, these observations were not confirmed in the validation cohort (Supporting Information Table S2 ). For other SNPs, no associations with outcomes were observed (Supporting Information Table S3 ).
Association of SNPs with clinical outcome
Subgroup analysis for TLR7 rs3853839 by primary tumor location
Because distinct molecular profiles based on the primary tumor location have been reported, 15 subgroup analysis based on the tumor location was performed. Primary tumor locations were grouped into right (cecum and ascending and transverse colon) and left (descending and sigmoid colon and rectum) sides. In the FIRE3-Cet cohort, TLR7 rs3853839 showed an association with PFS also in patients with leftsided tumors, whereas no association between the two was observed in patients with right-sided tumors. In patients with left-sided tumors in the JACCRO cohort, this association was validated (Table 4) .
Subgroup analysis for TLR7 polymorphisms by gender
Because the TLR7 gene is encoded on the X chromosome (Xp22.3) and several studies reported gender-specific associations between TLR7 polymorphisms and disease susceptibility, [16] [17] [18] we conducted a subgroup analysis by gender. There was no evidence for an association between TLR7 polymorphisms and outcome in either male or female subgroups in the discovery cohort (Supporting Information Table S4 ). 
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TLR7 mRNA expression in cancer cells
To assess whether TLR7 rs3853839 genotypes correlate with gene expression in cancer cells, we compared TLR7 expression levels between genotypes, as well as between normal epithelium and tumor tissue. Quantitative data on TLR7 expression were available from tumor tissues and adjacent normal epithelia of 55 patients from the JACCRO cohort. The TLR7 mRNA expression was not relatively increased in tumor tissues (median RQ 5 0.99) compared with that in adjacent normal epithelia (median RQ 5 1, Wilcoxon's signed rank test, p 5 0.13, Fig. 2a ). In addition, no association was observed between TLR7 mRNA levels and rs3853839 genotypes (Mann-Whitney U test, p 5 0.92, Fig. 2b ).
Discussion
In this study, we found an association between TLR7 rs3853839 and PFS in patients who received cetuximab-based chemotherapy in two independent clinical trials, suggesting that this polymorphism predicts the efficacy of cetuximab. TLR7 rs3853839 is located on the 3 0 -untranslated region of the TLR7 gene, and the function is thought to possibly downregulate mRNA expression through affected miRNA binding activity. 19 Indeed, several studies demonstrated distinct mRNA expression levels and cytokine profiles between rs3853839 genotypes in patients with autoimmune diseases. [19] [20] [21] In an in vivo study using peripheral blood mononuclear cells from patients with systemic lupus erythematosus (SLE), those carrying wildtype homozygous G/G genotype had a significantly higher TLR7 mRNA expression level in monocytes as well as increased IFNa secretion than those with other G/C and C/C genotypes. 21 In our study, patients with a G/G genotype showed a favorable PFS for cetuximab-based chemotherapy compared with other patients, indicating that TLR7 signals might contribute to enhancing the efficacy of cetuximab. However, the exact role of TLR7 in the tumor microenvironment has not yet been defined. Because the major antitumor effect of cetuximab is via the blockade of the EGFR downstream pathway, one possible mechanism by which TLR7 enhances the cetuximab efficacy may be the direct effect on the EGFR pathway. Cross-talks between the EGFR and TLR signaling pathways have also been suggested, [22] [23] [24] and TLR9, for example, is demonstrated to directly impair EGFR and its downstream proteins. 8 Regarding TLR7, several kinds of cancer cells, including those causing pancreatic, prostate, breast, and lung cancer, highly express TLR7, 25 which affects signal pathways within a tumor cell and leads to tumor progression. In a pancreatic cancer model, elevated TLR7 expression levels in tumor cells have shown to lead to STAT3 activation and contribute to a loss of PTEN, p16, and cyclin D1, resulting in tumor growth and anti-apoptosis. 26 The mediation of antiapoptotic effects of TLR7 by the induction of Bcl-2 in lung cancer cells have also been proposed. 27 However, to the best of our knowledge, the functional expression of TLR7 in CRC cells has not been fully investigated. In our study, we demonstrated that TLR7 was not highly expressed in CRC cells compared with normal colorectal epithelia. Additionally, no association was observed between TLR7 mRNA levels in tumor cells and SNP genotypes. These results imply that the direct impact of TLR7 signals in CRC cells may not be as important, however, they do not eliminate the possibility that this receptor is altered in a selected population of TLR7-expressing cells. Further studies at a subcellular level such as the analysis of mRNA expression using in situ hybridization are warranted. Another possible mechanism arises via the contribution of TLR7 signals in immune cells to enhancing cetuximabmediated ADCC. Antitumor effects by cetuximab are thought to not only block EGFR downstream pathways but also induce ADCC. 28 
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Okazaki et al. 29, 30 Interestingly, unlike other TLRs, TLR7 has an expression pattern restricted to defined subtypes of immune cells and is mostly expressed on plasmocytoid dendritic cells (pDCs) and B cells. 6 Upon engagement of TLR7, pDC secretes large amounts of type I IFNs (IFN-a and IFN-b), which are crucial stimulators for NK cells. 31 Therefore, TLR7 signals in pDC could play a critical role in enhancing cetuximab-mediated ADCC. In a recent in vivo study, 9 cetuximab-mediated ADCC was shown to be enhanced when a monocyte was stimulated by the TLR7 agonist. The authors also demonstrated the high expression of FcgR in monocytes and suggested that cytokines secreted by monocytes upregulated the FcgR expression levels and led to more potent ADCC. Taken together, TLR7 rs3853839 might influence the cytokine production from pDC, which resulted in the enhancement of cetuximab-mediated ADCC.
However, this hypothesis-generating study has some limitations that need to be considered, particularly the difference between discovery and validation cohorts. Patients in the FIRE3-Cet cohort were treated with a FOLFIRI backbone, whereas those in the JACCRO cohort received a FOLFOX or SOX backbone. In the most recent study by Gonzalez-Nicolini, cetuximab-mediated ADCC has shown to be reduced in the presence of irinotecan as opposed to no reduction in the combination with platinum drugs such as cisplatin and carboplatin. 32 This difference in chemotherapy partners for cetuximab could be responsible for the observation that the difference in PFS between genotypes by TLR7 rs3853839 did not reach a statistical significance in the FIRE3-Cet cohort. The difference in allele frequencies of TLR7 rs3853839 among mCRC patients of different ethnicities also impacts the outcomes of these cohorts. In addition, we could not correlate TLR7 polymorphisms and serum cytokine levels that may affect the ADCC activity. Further functional studies are warranted to fully elucidate the underlying biological mechanisms of TLR7.
In conclusion, this is the first study to show the association of genetic variations in TLR7, TLR9, IRF5 and IRF7 with clinical outcomes in mCRC patients treated with chemotherapy. Our findings suggest that TLR7 rs3853839 could serve as a predictive marker for cetuximab-based chemotherapy in mCRC patients. Furthermore, our findings would provide an insight for the ongoing clinical studies testing the immunomodulatory and antitumor effects of TLR agonists in combination with conventional chemotherapeutic agents. 
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